ABSTRACT: Batch cultures of natural bacterial assemblages from 3 lakes were used to measure bacterial growth efficiency (BGE) from increments in biomass and oxygen uptake. As could be expected from previous results and a logist~c growth model, the growth efficiency vaned anlong experiments and changed over time in relation to growth phases. During each experiment a maximum efficiency (range from 38 to 76%), which often coincided with maximum growth rate, could be identified. However, a significant relationship between efficiency and growth rate was not present and 2 cases of high efficiency during the apparent stationary phase were observed. Calculations of BGE by averaging procedures like linear regression of biomass increase and oxygen uptake versus time or end-point data at an apparent stationary phase most often resulted in low efficiency estimates. The maximum BGE values were on average 1.6 to 1.8 times hlgher than values calculated from regressions. We suggest to ident~fy the maximum value in future measurements of BGE to avoid an underestimation of BGE. These findings are discussed in relation to in situ growth efficiency.
INTRODUCTION
Knowledge of bacterial growth efficiency is a prerequisite for the use of bacterial production measurements to evaluate the role of bacteria in plankton metabolism. Although the conversion of bacterial production to gross carbon flux with a constant efficiency factor has often been attempted (e.g. Azam et al. 1983 , Riemann & Ssndergaard 1986 , Baines & Pace 1991 , published efficiencies with a range covering 2 decades have made this exercise somewhat elusive. Growth efficiency seems to vary in time and space (Kroer 1993 , Russell & Cook 1995 , within single species (Ho & Payne 1979) , and over die1 cycles (Coffin et al. 1993) . At present there is no method available to measure true in situ growth efficiency.
Among the variables controlling growth efficiency, the most prominent are substrate C/N ratio, inorganic nutrient availability, and substrate complexity (Linley & Newel1 1984 , Goldman et al. 1987 , Benner et al. 1988 . System depen- 'E-mail: flabms@inet.uni-c.dk O Inter-Research 1997 dent variations, with lower efficiency in oligotrophic as opposed to more productive marine areas, have also been reported (Griffith et al. 1990 , Biddanda et al. 1994 , Pomeroy et al. 1995 , Carlson & Ducklow 1996 . Furthermore, bacterial growth efficiency is positively related to growth rate (Pirt 1982 , Middelboe et al. 1992 ). The use of a variety of organic substrates like macrophyte and phytoplankton debris and naturally occurring dissolved organic carbon (DOC) has shown growth efficiency under aerobic conditions to range from 0.4 to a maximum of 80% (e.g. Linley & Newel1 1984 , Bjsrnsen 1986 , Schwserter et al. 1988 , Goldman et al. 1987 , Tranvik 1988 , Coffin et al. 1993 , Kroer 1993 , Carlson & Ducklow 1996 , Cherrier et al. 1996 .
Recent estimates of bacterioplankton growth efficiency at ambient DOC concentrations in both lakes and marine systems most often fall within the range 30 to 60% (see Cole & Pace 1995) , but with exceptions like recently published low values between 3 and 20% in oligotrophic marine areas (Carlson & Ducklow 1996 , Cherrier et al. 1996 .
Most experiments concerning growth efficiency have been carried out with the purpose of extrapolating to in situ values and 2 experimental approaches are most often used. (1) Concurrent measurements of whole community respiration and bacterial net production (Pomeroy et al. 1995) . Ideally this approach constrains the lowest possible efficiency. An approximation to i n situ growth efficiency assumes an ability to estimate the respiration attributed by bacteria.
(2) The second approach is to follow bacterial growth and metabolism in batch cultures. Separation from other biotic components is done either by a size selective filtration (1 to 2 pm pore-size), ideally allowing only bacteria to pass the filter (Schwzrter et al. 1988 , Kirchman et al. 1991 , Coffin et al. 1993 , Biddanda et al. 1994 , or by dilution of small natural bacteria (a 0.6 to 0.8 pm pore-size filtrate aliquot) in filter-sterilized water (Bjerrnsen 1986 , Tranvik 1988 , Middelboe et al. 1992 , Kroer 1993 ). Calculation of growth efficiency is based on measurements of biomass increase [cell abundance and biovolume or particulate organic carbon (POC)], respiration (oxygen uptake or carbon dioxide production), and total substrate utilization (decrease in DOC).
Growth experiments have the advantage and prerequisite for efficiency calculations that only bacteria are present or totally dominant in the incubation bottles. The major disadvantage is the uncoupling of bacterial metabolism from substrate production by phytoplankton exudation, zooplankton activity, and photolysis and from nutrient regeneration. While the latter problem can be overcome by additions of inorganic nutrients, the uncoupling from substrate production could result in low efficiency values caused by a bias towards bacterial utilization of organic matter with long turnover times. A rapid exhaustion of readily available monomers utilized with high efficiencies (Connolly et al. 1992 ) is expected to take place in a culture. Thus, metabolic activity at time zero and shortly thereafter during the exponential growth phase is understood to represent 'true' in situ rates. However, this is rarely specified. Although major changes in oxygen and bacterial production have been observed after short incubation times with 1 or 2 pm filtrates (6 to 12 h; Connolly et al. 1992 , Coffin et al. 1993 , Biddanda et al. 1994 , such values are often averaged and variations in growth efficiency are partly neglected (but see Carlson & Ducklow 1996) .
It is the purpose of the present study to measure bacterial growth efficiency in experiments with natural lake water DOC and to assess the consequences of incubation time and type of calculation. The experiments were carried out with water from 3 Danish lakes and basically represent the 'classical' growth experiment in filtered water. Bacterial biomass increment and respiration were measured directly as POC and oxygen consumption.
MATERIALS AND METHODS
Sampling sites. Samples were collected during 1994 and 1995 in 3 Danish lakes: 2 hypereutrophic lakes (Frederiksborg Slotsser and Stigsholm) and 1 mesoeutrophic lake (Esrum). Frederiksborg Slotsser and Esrum were sampled 5 or 6 times and Stigsholm was visited once. All samples were collected at midday from 0.5 m depth and transported cold and in the dark to the laboratory. Experiments were initiated within 2 h after sampling.
Analyses. Changes in oxygen concentration over time was measured by the micro-Winkler method using automatic and potentiometric end-point detection (Radiometers' pH-meter, titrator and burette). Samples were preserved in either 25 or 50 m1 BOD (biological oxygen demand) bottles (Schwcerter et al. 1988 ). The protocol gave a precision of 0.5 % (coefficient of variation, CV) among bottles and a 95% C1 (confidence interval) smaller than 0.5 pM. In experiments with 'plastic bags' as incubation chambers (see below), oxygen was analyzed in triplicate, while 2 BOD bottles were harvested in experiments using bottles. The advantage of bags for incubations is that all samples in a time-series can be taken from 1 container without exposure to air (Coffin et al. 1993) . After testing 3 brands of commercial intravenous bags for oxygen diffusion, we found the diffusion constants too high for our purpose (>0.05 h-' at 40% oxygen deficit), and constructed our own 2 l bags from polyester/polythene (Ril-0-Ten-X; Hansen et al. 1993 ). This material proved to have an undetectable diffusion of oxygen ( Fig. 1) . All experiments were initiated at oxygen saturation and the maximum decrease during an experiment was about 40% of the initial oxygen concentration. Enumeration of bacteria and survey of flagellate contamination were done by epifluorescence microscopy after DAPI staining (Porter & Feig 1980 ) of glutaraldehyde preserved samples (2% final conc.). Slides for bacteria and flagellates were prepared from black 0.2 pm polycarbonate filters within 24 h after sampling. Bacterial growth rates were calculated assuming exponential growth. Presence of flagellates ( > l 0 ml-') resulted in abandonment of the experiment.
POC was used as a direct measurement of bacterial biomass in carbon units. POC was measured on precombusted GF/F filters after high-temperature combustion in a home-made POC-analyzer (Sondergaard & Middelboe 1993) . The precision was better than 8 % (CV) and a difference of about 1.5 pM could be detected. As the non-biotic POC background can be high in these types of incubations , it is important to subtract time zero samples. Loss of small bacteria through GF/F filters has been reported (Sandergaard & Middelboe 1993). However, as the number and biomass of small bacteria (<0.4 pm) in the cultures were low and bacteria >0.4 pm are retained quantitatively by GF/F filters (Sandergaard & Middelboe 1993), the maximum underestimation of bacterial biomass (POC) is approximately 5 to 8%. The consequence is a slight underestimation of the growth efficiencies.
Experiments. Growth of bacteria and oxygen utilization were measured over time in either 1.0 I.lm poresize filtrates (polycarbonate filters) or, in 1 case, a GF/F filtrate (Stigsholm). The latter experiment resembled growth of a diluted assemblage due to a low initial bacterial abundance. Before we were able to construct airtight bags for incubation, the experiments were carried out in precombusted BOD bottles. Thus, POC and bacteria on the one hand and oxygen on the other had to be measured in separate bottles. This protocol could result in anomalies between bottles, e.g. flagellate development in some bottles. The good precision between replicate oxygen bottles implies that this potential problem is a minor one.
To avoid nutrient limitation during incubation, inorganic N (NH4+) and P were added to allow a bacterial biomass increase of about 80 pm01 C I-' (a 45:9:1 C:N:P ratio by atoms; Goldman et al. 1987) . Addition of inorganic nutrients might increase the growth efficiency compared with that in situ. However, as addition of nutrients does not enhance the utilization of DOC in these eutrophic lakes (Sandergaard unpubl.) the rationale for nutrient addition is precautionary and done to secure a measurement of growth efficiency when energy (DOC) becomes limiting in the cultures. The incubations were performed with slow shaking in the dark at 16OC and the duration ranged from 46 to 340 h. Bacterial growth efficiency (BGE) was calculated as net POC increase divided by net POC increase + oxygen uptake. The calculation in time-steps between each sampling was used to identify the maximum growth efficiency (BGE,,,) . Carbon equivalents were calculated assuming the respiratory quotient (RQ) to be 1. Linear regressions of POC increase and oxygen decrease versus time were used to calculate the growth efficiency (BGE,,,,) during the period when POC increased. Bjsrnsen & Kuparinen (1991) suggested analyzing growth efficiency by a plot of bacterial biomass versus DOC utilization (biomass + respiration as a surrogate for DOC uptake), where time is removed as the independent variable and the effect of small changes over time is minimized. The progession of the curve is a visualization of the growth efficiency calculated in time steps. A linear progression would infer constant efficiency. The inherent autocorrelation, however, must not be neglected and excludes statistical analysis. A plot of POC versus O2 uptake can fulfil the visual purpose.
RESULTS
Exemplary time courses of bacterial growth and oxygen utilization in 1 long-term bottle experiment and 1 short-term bag experiment are presented in Figs. 2 & 3, respectively. The results from Stigsholm showed an apparent linear oxygen uptake, while the abundance of bacterial cells showed a logistic growth curve and reached the stationary phase after about 140 h (Fig. 2A) . The continued increase of POC in the stationary phase (judged by cell numbers) was due to an increase in bacterial cell size. The growth efficiency peaked after 48 h a t 49% (BGE,,,), decreased to a minimum of 16% after 140 h, and then again increased to about 38% (Fig. 2B) . Despite the long incubation time the bioavailable DOC pool was not exhausted. Bacterial growth efficiency calculated from the linear regression equations of POC and 0, versus time (BGE,,,) had an average of 25% for the entire experiment and 29% for the initial 48 h ( Table 1 ). The plot of POC versus O2 revealed the development of BGE from the addition of POC increase and O2 uptake between each time interval (Fig. 4A) .
The incubation bags were used for experiments with water from Frederiksborg Slotssa and Esrum. One experiment from Esrum is shown in Fig. 3 . The growth efficiency calculated in time-steps initially increased from 2 3 % to a peak of 38% after about 12 h and then decreased and approached zero (Fig. 3B) . Linear regressions of POC and O2 versus time for the initial 28 h resulted in a BGEh, of 22 % ( Table 1) . As opposed to the time sequence for Stigsholm, BGE did not increase later during the incubation and efficiencies and growth rates correlated significantly (r2 = 0.85, n = 5; see Fig. 3B ) in comparison with the non-significant data (r2 = 0.46, n = 6) from Stigsholm (Fig. 2B) . The POC versus O2 plot from Esrum visualized the development with an init~al high slope and ended with a negative slope, which was due to a decrease in POC for the last measurement (Fig. 4A) . The development of BGE is further exemplified by 5 POC versus O2 plots in Fig. 4B and the time sequence of the relative BGEs from Frederiksborg Slotsso (Fig. 5) . In 8 of 9 experiments (Fig. 4 & 5) the highest growth efficiency occurred shortly after the lag phase, which lasted about 10 to 24 h. In 6 experiments BGE declined after the peak and eventually approached zero; however, a second peak occurred in 1 experiment from Frederiksborg Slotsser (Fig. 5 ) and the Stigsholm experiment (Fig. 2B) . In 1 experiment from Esrum the efficiency remained constant over the experimental period (Fig. 4B) . Previous investigations have shown growth efficiency to be positively related to growth rate (Middelboe et al. 1992) , which is the theoretical expectation (Pirt 1982) . The results from Stigsholm (Fig. 2B ) and especially Esrum (Fig. 3B ) also point to a positive relationship. However, compiling all data did not result in any significant correlation, but did show an overall positive trend (Fig. 6) . Although most individual experiments had maximum growth efficiency concomitant with maximum growth rate, a significant correlation was not present for the relative values of efficiency and growth rate (unified by the maximum values) calculated for each experiment.
In Esrum the maximum growth efficiencies ranged from 38 to 76% and a comparison of BGE,,, and BGEti,, showed 6 out of 7 experiments where the maximum values were from 1.4-to 3.3-and on average 1.8-fold higher than BGE,,,, (Table 1) . In Frederiksborg Slotsss BGE,,, ranged from 40 to 67% and was on average 1.6-fold higher than BGE,,,, while BGE,,, in Stigsholm was 1.8-fold higher than BGE,,, ( 
DISCUSSION
Growth in dilution cultures is often characterized by a lag phase in cell replication followed by a log phase (Zweifel et al. 1993 , Ssndergaard & Middelboe 1995 , Carlson & Ducklow 1996 where maximum growth efficiency is expected (Pirt 1982) . When the concentration of organic substrate decreases below the saturation level, the growth rate decreases and the culture Several of our experiments behaved as predicted from the logistic model as mentioned above. The measured growth efficiencies were low during the lag phase, peaked during the log phase, most ollen decreased during the stationary phase, and eventually approached zero (Figs. 3B, 4 & 5) . The interpretation in the context of a logistic model is that the DOC pool initially is dominated by a single substrate or substrates of similar energetic value and that exhaustion of the pool results in progressively lower efficiencies, eventually to the point where BGE becomes zero. However, the decrease in BGE can also be explained by a shift among substrates over time. The primary substrates are those used, first and with highest efficiency and gradually growth proceeds at the expense of substrates with less and less nutritional value (Connolly et al. 1992) The reason for a lag phase and a concomitant low growth efficiency could be a metabolic shift after sample handling with energy spilling leading to short-term variability in growth efficiency (Russell & Cook 1995) . Whatever the reason(s) for the lag phase is, the inclusion of this phase in calculations of the efficiency will decrease the value. Likewise, the inclusion of any values from the stationary phase will decrease the calculated BGE compared with BGE,,,,. Although we only included data where the bacterial biomass (POC) increased in the efficiencies calculated from regressions, the result was that these time-integrated efficiencies on average were only about half the maximum values (Table 1) . It is therefore important to define the period for calculation with respect to bacterial growth phases.
Some previous studies on growth efficiency have taken care not to include the stationary phase in the calculations (Tranvik 1988 , Middelboe & Sandergaard 1993 . However, most published studies have included an eventual lag phase, which will decrease the efficiency values. The inclusion of the initial period is most often done with the argument that this is the period where the DOC of highest energetic value is utilized and thus should provide the highest efficiency (Connolly et al. 1992 ). This is not the case as demonstrated in the present study and such evidence can also be found in other studies. High values for oxygen and DOC utilization without an apparent cell growth and without increases in bacterial biomass (the lag phase) can be seen in the data presented by Coffin et al. (1993 ), Carlson & Ducklow (1996 and Cherrier et al. (1996 ). Carlson & Ducklow (1996 excluded the lag phase from their calculations of growth efficiency.
The time sequence in DOC utilization and growth efficiency cannot always be described in agreement with a logistic model. In the experiment from Lake Stigsholm (Fig. 2B ) and 1 experiment from Frederiksborg Slotss0 (Fig. 5) , BGE had 2 peaks and increased rather late during the incubation and at a time when the community growth rate was approaching zero. One explanation for this rcsult could be a change in the community structure and development of a bacterial community with an efficient exploitation of polymers and more refractory compounds. A high growth rate of such specific bacteria might be masked by the high total number of bacteria. Another explanation could be a variation caused by shifts up and down in the energy metabolism and kinetic parameters during an eventual bacterial succession (Russell & Cook 1995) . The observed increases in BGE concomitant with a decrease in community growth rates help to explain why the expected positive relationship between BGE and growth rate (Pirt 1982 , Middelboe et al. 1992 ) was not present.
Growth efficiency has to be measured in a predatorfree culture. Flagellates were not present, but viruses can be a potential mortality factor in the experiments, especially after prolonged incubation (Tuomi et al. 1995) and can cause cryptic growth based on recycled bacterial biomass (Novitsky 1986 ). However, the presence of viruses probably decreases the growth efficiency (Middelboe et al. 1996) and cannot offer any coherent explanation for a high BGE late during the incubations as POC then should decrease and the BGE values become negative. Aside from the experiment with water from Stigsholm all our incubations were of such short duration that any effects due to viru.ses and predatory bacteria were probably negligible.
Our conclusion is that if maximum values of BGE with respect to the ambient pool of DOC are wanted. the biomass and respiration, and possibly DOC during regrowth, have to be measured with an appropriate time scale. A plot of POC versus O2 can be used to evaluate variations in BGE and has the advantage that time is removed as a variable. Such a procedure can id.entify uncorrelated changes among bacterial respiration and other measures of bacterial activity in dilution cultures and undisturbed samples. Uncorrelated changes have previously been shown to occur within a few hours or at longer time scales (Coffin et al. 1993 , Biddanda et al. 1994 , Pomeroy et al. 1994 ). However, the consequences for BGE have hardly been discussed (Coffin et al. 1993 ) and most published experiments do not allow a quantitative evaluation of the BGE underestimation, which can occur.
An important matter of concern with respect to a comparison between experimentally derived and true in situ BGE is that any filtration procedure inevitably interrupts the expected close linkage between substrate production and utilization and that bacterial succession in the container most probably occurs. Likewise, regeneration of inorganic nutrients by zoo-plankton is interrupted. To what extent these potential problems affect BGE is not known. As DOC and not inorganic nutrients is limiting in the studied lakes, we do not expect to have induced changes by nutrient additions (Zweifel et al. 1993 ). The general assumptions for dilution cultures are that for a short period the substrate concentration and composition in the culture are identical to those in situ and accordingly should be utilized with an efficiency controlled by substrate properties and not by the types of bacteria.
We do not claim that BGE,,,,, is the best prediction of in situ growth efficiency, but some of the low values in the literature -including some of our own -could find their explanation just in the procedures used for measurement and calculation. It should be emphasized that we have used a RQ of 1, and the most likely deviation is RQ < 1 (Ssndergaard & Borch 1992) , which would elevate the BGE values presented. Ideally, growth efficiency should be measured directly in carbon units with a combination of decrease in DOC, POC for the biomass increases, and CO2 for respiration. Due to a high background of DOC from 0.5 to 1 mM and inorganic carbon at about 2 mM the ability to detect rather small changes did preclude their usage in the present study and the more sensitive oxygen and POC measurements were chosen. POC measurements of bacterial biomass with GF/F filters are not ideal, a s small bacteria can escape capture, however, the alternative of counting, sizing, and the choice of a biovolume conversion factor does not seem more attractive. A comparison with the frequency distribution of growth efficiency measurements published by Cole & Pace (1995) places most of our BGE,,, values (38 to 76%) on the high side of the midpoint range (40 to 50%) and most values calculated by regression within or below the midpoint range. Furthermore, the overall variability of BGE,,, was 2-fold and thus much lower than the 4.5-fold BGE,,,, variation. Compared with recent low efficiency estimates from marine areas, which are all low productive areas compared with the studied lakes, our data support the suggestions of a generally higher efficiency in eutrophic conditions (Griffith et al. 1990 , Biddanda e t al. 1994 , Pomeroy et al. 1995 , Carlson & Ducklow 1996 .
It has been stated (Jahnke & Craven 1995) that measurements of bacterial production and the use of uncertain growth efficiency estimates do not constrain the metabolic importance of bacteria and that whole community respiration should be used. No doubt, measurements of in situ respiration a n d specifically bacterial respiration are in short supply, but the study by Pomeroy et al. (1995) does emphasize the problems inherent in a conversion of production and respiration measurements to growth efficiency values. Until we develop an independent method to measure in situ growth efficiencies and understand more about the controlling factors, w e probably have to accept uncertainties aside from the natural variability most probably reflected in published values (Cole & Pace 1995) .
However, to avoid calculation of too low efficiency values and to learn more about the utilization of natural DOC, more attention must be directed to define bacterial growth phases and the development of growth efficiency in growth expc!riments.
